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ABSTRACT 
 
Multiple Input Multiple Output (MIMO) technology is a promising approach to fulfil 
the demand of current wireless systems that requires higher data rate and larger 
capacity in a compact size. The main challenge in designing a MIMO antenna in a 
close packed space is to achieve high isolation between the antenna elements. This 
research study concentrates on the design and analysis of several small sized two - 
elements MIMO antennas that have a working frequency for the following 
applications, such as Bluetooth (2.4 GHz), LTE2300 (2.3 – 2.4 GHz), LTE2600 (2.5-
2.69 GHz), Wi-Fi (2.4 – 2.485 GHz), WLAN (2.4/5.2/5.8 GHz) and WiMAX 
(2.5/3.5/5.5 GHz). The proposed design were analysed with a different set of 
parameters. The aforementioned antennas are design by means of different methods 
that includes neutralization line technique, stub and defected ground plane to 
suppress the mutual coupling. The MIMO parameters such as mutual coupling, 
envelope correlation coefficient, total active reflection coefficient (TARC), capacity 
loss and channel capacity were investigated and analysed. All the proposed MIMO 
antenna design achieved satisfactory results with a reflection coefficient less than  
 -10 dB, mutual coupling less than -13 dB and envelope correlation coefficient less 
than 0.5. Therefore, it could be concluded that all the proposed MIMO antenna 
designs demonstrated a considerable good performance and met the required 
prerequisite of a MIMO antenna. 
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ABSTRAK 
Teknologi berbilang masukan dan berbilang keluaran (MIMO) adalah pendekatan 
yang menjanjikan kadar data yang lebih tinggi dan keupayaan yang lebih besar 
dalam saiz yang kompak untuk memenuhi permintaan semasa sistem tanpa wayar. 
Cabaran utama dalam merekabentuk antena berbilang masukan dan berbilang 
keluaran di dalam satu ruang yang rapat adalah untuk mencapai pengasingan tinggi 
diantara elemen antena. Kajian penyelidikan ini tertumpu kepada merekabentuk dan 
menganalisis beberapa antenna dua elemen berbilang masukan dan berbilang 
keluaran dengan saiz yang kecil yang mempunyai kekerapan kerja untuk aplikasi 
Bluetooth (2.4 GHz), LTE2300 (2.3 - 2.4 GHz), LTE2600 (2.5-2.69 GHz), Wi-Fi 
(2.4-2.485 GHz), WLAN (2.4 / 5.2 / 5.8 GHz) dan WiMAX (2.5 / 3.5 / 5.5 GHz. 
Reka bentuk yang dicadangkan dianalisis dengan parameter yang berbeza. Beberapa 
antenna berbilang masukan dan berbilang keluaran di rekabentuk dengan 
menggunakan kaedah yang berbeza termasuk peneutralan teknik talian, punting dan 
struktur gangguan satah pembumian untuk menindas gandingan bersama telah 
dicadangkan. Parameter berbilang masukan dan berbilang keluaran adalah seperti 
gandingan bersama, pekali korelasi sampul surat, jumlah pekali pantulan aktif 
(TARC), kehilangan keupayaan dan kapasiti saluran telah disiasat dan dianalisis. 
Semua reka bentuk antena berbilang masukan dan berbilang keluaran yang 
dicadangkan mencapai prestasi yang baik dengan pekali pantulan kurang daripada -
10 dB, gandingan bersama kurang daripada -13 dB dan pekali korelasi sampul surat 
kurang daripada 0.5. Oleh itu, semua reka bentuk antena MIMO dicadangkan 
menunjukkan prestasi yang baik dan memenuhi kehendak antena MIMO. 
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CHAPTER 1 
INTRODUCTION 
1.1 Project Background 
Over the past few decades, wireless communication has been given due attention in 
the field of communications. Its rapid growth is owed to the increasing demand for 
tether less connectivity apart from the advancement of  VLSI technology and the 
success of second generation (2G) digital wireless standards [1]. In essence, wireless 
communication is defined as the transmission of data without the use of wires [2]. 
The application of such technology is evident through its implementation, for 
instance in Bluetooth, Ultra-Wide Band, satellite, cellular, wireless LAN, Wi-Fi and 
WiMAX technologies. Figure 1.1 illustrates the wireless technology from the access 
point to the devices. 
 
 
 
 
 
 
 
Figure 1.1: Wireless Technology [2]. 
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Bluetooth is a wireless standard design for short range wireless 
communication technology. The purpose of Bluetooth design is to eliminate cable 
connection between devices such as the computer, allowing for synchronisation 
between printers, mobile, etc. The nearby devices will connect at Bluetooth 
technology at data rate 1 Mbps. Devices that use such technology is depicted in 
Figure 1.2. 
 
 
 
 
 
 
Figure 1.2: Bluetooth technology [3]. 
Other than Bluetooth technology, the introduction of wireless network for 
internet communication also has gained popularity through the introduction of Wi-Fi 
or wireless fidelity and the wireless local area network (WLAN). A WLAN is an 
extension of a wired LAN that connects through a wireless access point. WLANs 
operate based on networking standards established by the Institute of Electrical and 
Electronic Engineers (IEEE). The IEEE published a series of standards, namely 
IEEE.802.11a, IEEE.802.11b, and IEEE.802.11g, that varies with respect to their 
data transmission speed and distance. According to the aforementioned standards, 
WLANs can transmit at a speed from 11 Mbps to 54 Mbps [2].  Conversely, the 
worldwide interoperability for microwave access (WiMAX) that is also known as  
IEEE.802.16 is a type of wireless technology that provides wireless internet service 
over a longer distance as compared to the standard Wi-Fi. WiMAX provides 
broadband wireless access to up to 30 miles and uses fixed and mobile stations to 
provide users with access to high-speed voice, data, and internet connectivity. 
3 
 
Applications of WLAN and WiMAX is shown in Figure 1.3 and Figure 1.4, 
respectively. 
 
 
 
 
 
 
 
Figure 1.3:  Home WLAN [4]. 
 
 
 
 
 
 
 
Figure 1.4: WiMAX [5]. 
In wireless communication system, there is a significant demand for higher 
data rate as well as a larger bandwidth antenna at both transmitter and receiver. This 
is where the utilisation of antenna plays a vital role. More than one antenna is 
required for wireless communication terminals to reach higher data rate. MIMO 
technology has received considerable attention over the years. Figure 1.5 illustrates 
MIMO antenna system. MIMO technology that utilises multiple antennas for both at 
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the transmitting and receiving end of the communication system is considered as one 
of the promising approaches to reach higher data rate in rich scattering environment 
[6-8]. MIMO technology exploits multipath to provide higher data throughput and 
simultaneously increases the range and reliability without consuming extra radio 
frequency. MIMO can be implemented by means of beamforming, spatial 
multiplexing and diversity techniques [8]. Through the introduction of multiple 
antennas at both transmitter and receiver side, the diversity is achievable. The 
channel capacity, bandwidth and data rate increases naturally without increasing the 
transmitting power signal. The MIMO system is shown in Figure 1.5. 
 
 
 
 
 
 
Figure 1.5: MIMO system. 
1.2 Problem Statement  
The  rapid growth in wireless communication technology has led to the development 
of wideband antennas and an increasing need for having higher data rate for data 
signal transmission. One of the means to address this issue is by increasing the 
number of antennas at the wireless communication terminals. Multiple Input and 
Multiple Output (MIMO) technology has been given  attention over the years as it 
could provide higher data rate in rich scattering environment by having multiple 
antennas. A major consideration in MIMO antenna design is to reduce correlation 
between the multiple elements and in particular the mutual coupling electromagnetic 
interactions that exist between multiple elements are significant. Too high mutual 
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coupling will increase the signal correlation between the channels and decrease the 
antenna radiation efficiency [9].  It seems obvious that lower mutual coupling will be 
ensured if the two radiating elements are spaced as far as possible. However, to 
integrate multiple antennas closely in a small and compact device while maintaining 
a minimum distance of 0.5λ between radiating element [10] and achieve lower 
mutual coupling between antennas element is a challenging task.  
 Requirements for various techniques of isolation and mutual coupling 
improvement for MIMO applications are constantly growing. With the rapid 
development of wireless applications such as Bluetooth, WLAN, WiMAX, Wi-Fi 
and LTE terminal devices, the needs to enhance the system performance and 
compact antenna size have gained a lot of attention. Therefore, the design of MIMO 
antenna for wireless applications carried out in this study to improve an antenna size 
with lower mutual coupling less than -10 dB with minimum separated distance 
between antenna elements less than 0.5λ at 2.4 GHz and good MIMO characteristics 
is proposed and investigated. This study presents a number of novel wideband 
printed compact MIMO antennas for wireless applications. 
1.3 Aims and objectives 
1.3.1 Aims 
This study aims at improving the size and performance of MIMO antenna system 
through the development and implementation of a wideband printed MIMO antennas 
for wireless applications. The improvements in terms of mutual coupling, envelope 
correlation coefficient, channel capacity, total active reflection coefficient (TARC) 
and capacity loss between elements are investigated. 
 
1.3.2 Objectives 
The objectives of this study are as follows:  
1. To design, model and implement several printed MIMO  antennas for 
wireless communication. 
2. To investigate and analyze the performance of the MIMO antenna system. 
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1.4 Project Scope 
The limitations of this research are: 
1. Design and fabricate several two element MIMO  wideband antennas 
working on wireless applications such as LTE2300 (2300-2400 MHz), 
LTE2600 (2500 – 2690 MHz), (Bluetooth (2.4 GHz), WLAN (2.4/5.2/5.8 
GHz), WiMAX (2.5/3.5/5.5 GHz). 
2. Design several two element MIMO antennas using three different techniques 
to reduce mutual coupling which are neutralization line, stub structure and 
defected ground plane. 
3. Investigate the performance of MIMO criteria in terms of correlation 
coefficient, capacity channel, total active reflection coefficient (TARC), 
bandwidth, antenna gain and radiation pattern of the wideband antenna. 
 
1.5 Thesis Organization 
This thesis is organized into five chapters. Chapter 1 provides an overview of the 
project that includes the project background, objectives, problem statements and 
scope of the project. 
Chapter 2 specifically reviews the theoretical background and previous 
literature regarding the MIMO antenna. Three different techniques that can be 
employed to reduce mutual coupling between antenna elements are considered. 
Chapter 3 describes the details of the approach used to design the MIMO 
antenna as well as the workflow for the implementation of this project. Antennas 
design concept is also discussed. The measurement setup to measure S-Parameters, 
radiation patterns, and the antenna gain are also explained. 
 Chapter 4 explains the optimization of the antennas and comparison between 
the simulated and the measured performances. In this chapter, different techniques to 
reduce mutual coupling are introduced. All research and published work are 
discussed in detail in this chapter that includes S-Parameters, radiation patterns, and 
MIMO antenna parameters. The parameters that were taken into consideration are 
namely, the correlation coefficient, total active reflection coefficient (TARC), 
capacity loss and channel capacity of several MIMO antennas for wireless 
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applications. The proposed MIMO antennas design using different techniques to 
reduce mutual coupling are illustrated in Figure 1.6. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.6: MIMO antenna design summary using differences technique to reduce 
mutual coupling. 
Finally, Chapter 5 draws the conclusion of this thesis and recommendation 
for future works are also proposed in this chapter. 
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CHAPTER 2 
THEORETICAL BACKGROUND OF MIMO AND ITS APPLICATIONS 
2.1 Introduction  
This part of the report discusses previous works conducted that are related to 
different applications of MIMO antenna. Various techniques that have been 
employed in the literature to achieve optimal antennas design are also reported. A 
major consideration in MIMO antenna design is to reduce correlation between the 
multiple elements and in particular the mutual coupling electromagnetic interactions 
that exist between multiple elements are significant, because at the receiving end this 
effect could largely determine the performance of the system. Lower mutual 
coupling can result in higher antenna efficiencies and lower correlation coefficients 
[6].   
 
2.2 MIMO antenna system 
 
The development of wireless communication system begins with the inception of the 
single input/single output antenna system (SISO) that consists of a single antenna to 
transmit the signal to the transmitter and receives the signal from a receiver. Further 
development saw the birth of smart antenna system. A smart antenna system may be 
categorized into a single input/multiple output (SIMO) and multiple input/single 
output (MISO).  
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There is an insatiability demand for high data rate, high link quality and large 
bandwidth antenna for both the transmitter as well as the receiver. These criteria may 
be achieved by the inclusion of more than one antenna through MIMO technology. 
The basic idea of MIMO system is to improve quality (BER) or data rate (bits/s) by 
using multiple TX/RX antennas. MIMO technology using multiple antennas for both 
transmitting and receiving end of the communication system is considered as one of 
the most promising approaches to reach higher data rate in rich scattering 
environment [6-8]. The basic notion of the SISO, SIMO, MISO and MIMO are 
illustrated in Figure 2.1. 
 
 
 
 
 
Figure 2.1: Basic model of SISO, SIMO, MISO and MIMO [11]. 
MIMO technology exploits multipath to provide higher data throughput and 
simultaneously increase its range and reliability without consuming extra radio 
frequency. MIMO can be implemented through beamforming, spatial multiplexing 
and diversity techniques [12]. By introducing multiple antennas at both transmitter 
and receiver side, the diversity is achievable. The channel capacity, bandwidth and 
data rate increases automatically without increasing the transmitting power signal. 
The MIMO concept is depicted in Figure 2.2. 
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Antenna 
System 
MIMO 
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Figure 2.2: The MIMO system concept. 
A major challenge in designing a MIMO antenna is the mutual coupling. 
Mutual coupling is the electromagnetic interaction between antenna elements due to 
the small space of the antenna element. The performance of the MIMO antenna 
system such as lower correlation coefficient and higher antenna efficiencies are often 
influenced by low mutual coupling.  
2.3      MIMO Antenna Parameters 
 
This section reviews MIMO antenna parameters that are extended from the 
traditional single element antenna parameters. 
2.3.1 Total Active Reflection Coefficient (TARC) 
TARC (Γ) is defined as the square root of the ratio of reflected power and incident 
power, mathematically given by [12]: 
                           
  =  
                              
               
                       (2.1) 
For a lossless N-port antenna, the TARC can be described as: 
  
 = √    
         /√    
                                                        
(2.2)                                                 
where; 
 ai is the incident signal vector with randomly phased elements. 
 bi is the reflected signal vector. 
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Furthermore, the scattering matrix for 2×2 network can be written as;  
            (  
  
) = (
   
   
 
   
   
) (  
  
)                    (2.3)                
 The TARC can be computed by applying different combinations of excitation 
signals to each port. The TARC value is a real number between zero and one. The 
delivered power is radiated when the value of the TARC equals to zero, conversely 
the power is either reflected back or goes to other ports when it is equal to one. 
2.3.2   Correlation Coefficient 
The correlation coefficient measures the degree of similarity amongst the received 
signals. It varies from 0 to 1. Diversity systems are considered good if the correlation 
coefficient of the system is zero or low by default. Ideally, the envelope correlation 
coefficient (ECC) may be computed by means of; i) from far-field radiation pattern 
and ii) from scattering parameters of the proposed antenna system. However, 
calculating from the far field radiation pattern would require a complex and advanced 
calculation.. The reason for complexity is that the correlation is actually described by 
two metrics: complex and envelope correlations [13, 14]. The correlation coefficient 
can be computed from S-parameters using the following equation [15]: 
          e=
          
 
       
(                )(                )
                              
(2.4)              
Where the terms are; 
   S11 = power reflected from port 1. 
   S12 = power transmitted from port 1 to port 2. 
 S21 = power transmitted from port 2 to port 1. 
 S22 = power reflected from port 2. 
 
2.3.3     Capacity Loss 
Theoretically, the channel capacity can be improved by increasing the number of 
antennas. The capacity loss (Closs) can be calculated by using equation as follows [16 
,17] 
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                                                                          ( 
 )                                     (2.5)      
Where    is the receiving antenna correlation matrix given by :  
                                                                    [
      
      
]                                          
With     (  (     
  |   |
 
)) and        (              )  for  i , j = 1 or 2. 
 
2.3.4 Channel Capacity 
Figure 2.3 illustrates the MIMO capacity. Multiple antennas that induces multipath 
propagation at both transmitter and receiver can establish essentially multiple parallel 
channels that operate simultaneously, on the same frequency band at the same total 
radiated power. Channel capacity involved with the information handling capacity of 
a given channel. The equation of channel capacity is given by [18]: 
 
C=     [   *   
   
 
     +] bits/s/Hz           (2.6) 
where: 
SNR = Signal to noise ratio 
I       = Identity matrix of order  
       = Hermitian transpose of the H matrix (Channel Coefficient matrix) 
M     = number of antenna 
 
                       
 
 
 
 
Figure 2.3: MIMO Capacity. 
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2.3.5 Mutual Coupling and Isolation 
 
In MIMO applications, the signals transmitted by multiple antenna elements are 
generally considered to be independent or uncorrelated. However, in reality the 
current induced on one antenna produces a voltage at the terminals of nearby 
elements that is characterised as mutual coupling [19]. The port to port isolation 
defined as the transmission power between two of the input ports of the multiport 
antenna under test. It is characterised by |S21| parameter. MIMO system requires the 
|S21| to be minimised as low as possible, as isolation is directly related to the antenna 
efficiency. 
                                         Isolation = -10 log10 |S21|²                                              (2.7) 
2.4 Techniques to Enhance Isolation and Its Applications 
 
Significant research efforts have been reported lately to reduce mutual coupling. 
Amongst the techniques employed are neutralization line, stub on the ground plane 
and defected ground plane have been proposed. In this section, a review of previous 
works conducted on the aforementioned techniques will be discussed. 
2.4.1 Neutralization Line (NL) 
The use of neutralization line inserted between antenna elements is based on the 
concept of neutralizing two antennas operating in the same frequency band to 
enhance isolation. Chebihi et al. [20], drew some current from the first antenna and 
re-injected it in the second antenna with a suitable phase and magnitude to mitigate 
existing coupling between elements. 
 Huang et al. [21] suggest that the neutralization line improves the isolation 
between antenna elements. This line can be seen as an inductance to neutralize the 
capacitance of these two antennas. Improvements better than 15 dB was achieved. 
The structure of the proposed MIMO antenna design is shown in Figure 2.4. The 
simulation results of isolation with and without the neutralizing line are illustrated in 
Figure 2.5. It is evident from the results that the coupling effect between antenna 
element is decreased and lowers the envelope correlation coefficient (ECC) smaller 
than 0.01 through the introduction of the line. The impedance bandwidth for the 
measurement analysis includes 2.45 (2.4 -2.485 GHz), 5.2 (5.15 – 5.35 GHz) and 5.8 
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(5.725 - 5.825 GHz) covering Bluetooth, WLAN and WiMAX system. The measured 
isolation is better than 17 dB at 2.45 GHz and 20 dB at 5.2 and 5.8 GHz, 
respectively. The total dimension of this antenna design is about 80 x 40 x 1.6 mm
3
. 
 
 
 
 
 
Figure 2.4: The structure of the proposed MIMO antenna (unit: mm) [21]. 
 
 
 
 
 
 
 
 
Figure 2.5: The simulated isolation with and without neutralizing line [21]. 
 It was established in [22] that the antenna port isolation is effectively 
enhanced by the inclusion of the neutralization line. The proposed antenna is used for 
USB dongle application. This antenna occupies an area of 30 mm x 65 mm. The 
configuration of detailed dimensions of the proposed antenna is illustrated in Figure 
2.6. The port isolation obtained improved from 9 dB to less than about -19 dB after 
the neutralization line was connected between the elements. The MIMO 
characteristics such as the TARC and ECC also showed favourable results whereby 
the average TARC is below -10 dB and the values of ECC remain under 0.006 at 2.4 
15 
 
GHz frequency band. The comparison of S-parameters between the proposed antenna 
and the reference antenna (without neutralization line) is depicted in Figure 2.7. 
 
 
 
 
 
 
 
 
Figure 2.6: Detailed dimensions of the proposed antenna [22]. 
 
 
 
 
 
 
Figure 2.7: Simulated reflection coefficient and isolation of the proposed antenna. 
(a) With neutralization line; (b) Without neutralization line [22]. 
 
Wang et al. introduced the use of three neutralization lines inserted between 
antenna elements [23]. The proposed antenna works over the frequency of 1.62 – 
2.92 GHz with a mutual coupling less than -15 dB. The radiation pattern of the 
proposed antenna can cover complimentary spatial region, and the antenna design 
meets the requirement of low mutual and correlation. Figure 2.8 shows the geometry 
(a) (b) 
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of the proposed antenna design. The antenna was fabricated on an FR-4 substrate 
with a dimension of 115 x 60 mm
2
. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.8: Geometry of the proposed dual-antenna with dimensions in millimeters 
(the front side is in black, and the rear side is in grey); (a) Perspective view. (b) Front 
view. (c) Bottom view (metal on the front is omitted) [23]. 
 
Figure 2.9: Simulated S-parameters with and without three neutralization lines. 
(a) S11; (b) S21 [23]. 
The simulated S-parameters with and without the three neutralization line are 
depicted in Figure 2.9. It can be observed that by employing the three neutralization 
lines the mutual coupling is lower than -15 dB at the desired frequency band. The 
ECC achieved less than 0.05 at the entire frequency band. Neutralization line was 
also used to suppress the mutual coupling for 4G mobile terminals as reported in 
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[24]. The optimized neutralization line is placed in the middle of the line to fine tune 
the isolation levels. An improvement of 4 dB that are from -6 dB to less than -11 dB 
was achieved at the desired frequency bands. The comparison result between 
simulated and measured results shows that an ECC below 0.5 between 760 MHz and 
950 MHz was achieved. The isolation level with and without neutralization line is 
shown, and the comparison between simulated and measured ECC are illustrated in 
Figure 2.10 and Figure 2.11, respectively. 
 
 
 
 
 
 
Figure 2.10: Isolation level with and without neutralization line [24]. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.11: Simulated and measured envelope correlation coefficient (ECC) [24]. 
 
Ban et al. [25], designed their antenna with a dimension of 120 x 60 mm
2
 that 
consists of an array of elements placed symmetrically with a U-shaped neutralization 
line embedded between the antenna elements. It was found that the addition of the 
neutralization line reduces the mutual coupling from -6 dB to below -10 dB for the 
lower band. Low correlation of less than 0.4 is achieved for the overall desired band 
that meets the requirement of a MIMO antenna. The proposed antenna is used for 
GSM 850/900/1800/1900/UMTS/LTE2300/2500 operations. Figure 2.12 presents the 
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geometry of the proposed antenna. The crescent-shaped radiator as shown in Figure 
2.13 was proposed in [26]. It achieved an impedance bandwidth of 54.5% over 2.4-
4.2 GHz with a reflection coefficient of  less than -10 dB. The two antenna elements 
are separated by 0.19λ at 2.4 GHz. The neutralization line technique inserted 
between the radiators resulted with a better isolation of -17 dB. It was found to be 
effective enhancing the mutual coupling, correlation coefficient from 2.4 to 4.2 GHz 
frequency bands significantly. Owing to the lower mutual coupling achieved, lower 
capacity loss and correlation was also achieved. The capacity loss obtained did not 
exceed 0.4 bps/Hz.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.12: Geometry of the proposed antenna [25]. 
 
 
 
 
 
 
 
 
 
Figure 2.13: Geometry of the proposed antenna [26]. 
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The use of neutralization line adopted together with the grounded branch 
achieved a dual wideband antenna as reported in [27].  The proposed antenna design, 
only reduces the mutual coupling at the lower frequency band whilst it has minor 
effect on low mutual coupling at a higher frequency. The measured mutual coupling 
of the antenna that is used in mobile terminal applications is less than -15 dB with an 
ECC less than 0.04. The comparison of S-parameters between the reference and the 
proposed antenna is illustrated in Figure 2.14 below.  
 
Figure 2.14: Simulated S11 and S21 for the proposed antenna (the proposed dual 
antenna) the case with the F-like monopole (dual-ant 1), the dual-ant without NL 
(dual-ant 2) and the dual-antenna without match branch (dual-ant 3) [27]. 
2.4.2 Stub on the Ground Plane 
Inserting stubs is one of the techniques that has been established in reducing mutual 
coupling as well as to get better isolation. One or more stubs are inserted to enhance 
the isolation and it deals with the ground plane instead of the radiating elements. 
Zhao et al. [28] introduced one stub on the ground plane to adjust the 
impedance bandwidth and to improve the isolation between the two feeding ports. 
The configuration of the proposed antenna design is shown in Figure 2.15. In this 
proposed design, the stub can be viewed as a reflector to reduce the mutual coupling. 
After inserting stub on ground plane, high isolation which is less than -15 dB is 
achieved. The proposed antenna is a suitable candidate for some portable 
MIMO/diversity UWB applications. 
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Figure 2.15: Geometry of the proposed antenna [28]. 
Two long protruding ground stubs namely stub 1 and stub 2 are added on the 
ground plane in [29]. The proposed antenna is designed for a portable UWB 
application. The proposed antenna consists of two planar monopole antennas placed 
perpendicularly to each other to achieve sound isolation. Stub 1 is located in parallel 
with planar monopole (PM1) and is bent to minimise the space of antenna area 
whilst, a simple straight stub, stub 2 is placed in parallel with PM2. The geometry of 
the proposed antenna and the simulated S-parameters with and without long ground 
stub are depicted in Figure 2.16 and Figure 2.17, respectively. The result shows that 
an impedance bandwidth of 3.1 – 10.6 GHz, low mutual coupling (S21) less than -15 
dB, low envelope correlation coefficient less than 0.2 over the frequency band were 
achieved. 
 
 
 
 
 
Figure 2.16: Geometry of the proposed antenna [29]. 
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Figure 2.17: Simulated S-parameters for single element antenna with and without 
long ground stub [29]. 
       The use of metal T-shaped stub in [30] significantly reduces the mutual 
coupling at the lower frequency band. The mutual coupling exists due to the near 
field between the two monopoles. The two antennas radiation patterns are separated, 
and the mutual coupling is reduced upon the introduction of the vertical stub that 
behaves akin to a reflector. The geometry of the proposed antenna and the 
comparison of S-parameter between the reference and the proposed antenna are 
illustrated in Figure 2.18 and Figure 2.19, respectively. The result shows that the 
isolation S21 less than -20 dB at the lower band and S21 less than -25 dB at the upper 
band are achieved. The proposed antenna ECC yields less than 0.1 which in effect, 
satisfies the MIMO requirement. 
 
 
 
 
 
22 
 
 
 
 
 
 
Figure 2.18: Geometry of the proposed antenna [30]. 
Figure 2.19: Simulated S-parameters of proposed antenna with and without 
decoupling structure.(a) S11; (b) S21 [30]. 
          Cheng et al. [31] proposed an antenna consist of two elliptical shape 
monopoles. The two stubs and slot are placed between the radiators on the ground 
plane. The mutual coupling and isolation higher than 20 dB were obtained. The 
authors further demonstrate the effectiveness of the stub, in order to reduce mutual 
coupling  [32]. The isolation was improved upon the insertion of the stub i.e. S21 < -
20 dB. The proposed antenna design reported in [33] suggested two symmetrical p-
shaped radiators as the radiating element. The configuration of the proposed antenna 
design is shown in Figure 2.20. By combining a notch slot at the upper centre of the 
ground plane and inserting stub in the ground, good impedance matching and 
improved isolation may be achieved. An impedance bandwidth of 2.9 – 11 GHz for 
S11 < -10 dB and S21 < -20 dB were achieved. Figure 2.21 illustrates the simulated 
and measured results of the S-parameters. 
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Figure 2.20: The geometry of the proposed antenna [33]. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.21: Simulated and measured S-Parameters. (a) S11 and (b) S21 [33]. 
 
Hong et al. also demonstrates the effectiveness of the stub to reduce mutual 
coupling in [34].Three stubs were introduced in this design and is positioned between 
the two Y-shaped radiators. The geometry of the proposed antenna is shown in 
Figure 2.22. Stub 1, stub 2 and the radiators are placed symmetrically with respect to 
the stub 3. The isolation improved with a reading of less than -20 dB upon the 
insertion of the stub. In [35] the stub is connected to the ground plane via shorting 
pin. The isolation obtained after inserting stub are lower than -25 dB and – 20 dB at 
the 2.45 and 5.8 GHz bandwidth, respectively. The configuration of the array and the 
S-parameter characteristics of the proposed antenna are shown in Figure 2.23 and 
Figure 2.24, respectively. 
 
(a) (b) 
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Figure 2.22: Geometry of the proposed diversity antenna [34]. 
 
 
 
 
 
Figure 2.23: Geometry of the proposed MIMO antenna array [35]. 
 
 
 
 
Figure 2.24: S-parameter characteristic of the proposed antenna [35]. 
 
 
99 
 
 
REFERENCES 
1. D. Tse and P. Viswanath (2005), Fundamentals of wireless communication: 
Cambridge University Press. 
2. J. Olenewa and M. Ciampa (2007), Wireless Guide to Wireless Communications.2nd 
ed: Thomson Course Technology. 
3. “Bluetooth Technology”, September 5 2013. Retrieved December 21, 2014 from 
http://edupedia.educarnival.com/bluetooth-technology/ 
4. J. Olenewa (2013), Guide to Wireless Communications, 3rd ed: Thomson Course 
Technology. 
5. Y.Gao, , X. Chen, Z. Ying, and C. Parini, “Design and performance investigation of a 
dual-element PIFA array at 2.5 GHz” IEEE Transactions on Antennas and 
Propagation, vol. 4, 2006. 
6. X. M. Ling, R.L. Li, “ A novel dual band MIMO antenna array with low mutual 
coupling for portable wireless devices” IEEE Antennas and Wireless Propagation 
Letters, vol.10 2011. 
7. J. Walace, M. Jensen, A. Swindlehurst, and B. Jeffs, “Experimental characterization 
of the MIMO wireless channel: Data acquisition and analysis,” IEEE Trans. Wireless 
Communication., vol. 2, no. 2, pp. 335–343, Mar. 2003. 
8. R. D.Murch and K. B. Letaie4f, “Antenna systems for broadband wireless access,” 
IEEE Communication. Mag., vol. 41, no. 4, pp. 76–83, April. 2002. 
9. S.C Chen, Y.S. Wang, AND s.j. Chung, “ A decoupling technique for increasing the 
port isolation between two strongly coupled antennas,” IEEE Transactions on 
Antennas and Propagation, vol. 56, no.12, pp. 3650-3658, 2008. 
10. K. Wang, A. M. Raimund, Mauermayer, and T. F. Eibert, “ Compact two- element 
printed monopole array with partially extended ground plane” IEEE Transactions on 
Antennas and Propagation, vol.13, pp.138-140, 2013. 
100 
 
11. “Understanding of SISO, SIMO, MISO and MIMO”. Retrieved December 17, 2014 
from http://www.evercom.com.tw/msg/msg3/msg8.html. 
12. A. I. Najam, Y. Duroc and S. Tedjini, “Multiple-Input Multiple-Output Antennas for 
Ultra Wideband Communication”. INTECH Open Access Publisher,2012. 
13. C. Diallo, P.Luxey, Le.Thuc, R.Staraj and G.Kossiavas, “Study and reduction of the 
mutual coupling between two mobile phone PIFAs operating in the DCS1800 and 
UMTS bands”, IEEE Transaction Antennas and Propagation, Vol.54, no.11, 
pp.3063-3074, 2006. 
14. C.-Y. Chiu, C.-H. Cheng, R. D. Murch, and C. R. Rowell, “Reduction of mutual 
coupling between closely-packed antenna elements,” IEEE Transaction and Antennas 
Propagation..vol. 55, no. 6, pp. 1732–1738, 2007.  
15. I. Salonen., P. Vainikainen “Estimation of signal correlation in antenna 
arrays”,Proceedings of 12th International Symp.on Antennas, Vol.2 (383-386), 
Nov.2002. 
16. S.H.Chae, S.-K.Oh and S.-O.Park, “Analysis of mutual coupling,correlations and 
TARC in WiBro MIMO array antenna,” IEEE Antenna Prop.Lett,vol.6, pp.122-
125,2007. 
17. D.Valderas,P.Crespo, and C.Ling, “UWB portable printed monopole array design for 
MIMO communications,” Microwave.Opt.Technol.Lett,vol.52, no.4,pp.889-895,2010. 
18. K.J.Babu, G.U.Kiran, T.C.Kumaraswamy, V.Harshavardhan and M.V.V Praveen 
Kumar, “Channel Capacity Calculations of E Shaped Patch Antenna MIMO 
Array,”International Journal of Wireless Communication and 
Simulation,vol.2,no.1,pp.105-111,2010. 
19. J.W Wallace ,  M.A Jensen, “Mutual coupling in MIMO wireless system: a rigorous 
network theory and analysis”, IEEE Trans.Wireless Communications, vol.3,no.4,pp. 
1317-1325,2004. 
20. A.Chebihi, C.Luexy, A.Diallo, P.L. Thuc and R.Staraj, “A Novel Isolation Technique 
for Closely Spaced Pifa‟s for UMTS Mobile Phones,” IEEE Antennas and Wireless 
Propagation Letters,vol.7,2008. 
21. J.H. Huang, , W.J Chang, C.F. Jou, “Dual band MIMO antenna with high isolation 
application by using neutralizing line”, Progress In Electromagnetic Research 
Letters, vol.48, pp. 15-19, 2014. 
101 
 
22. S.W.Su, C.T.Lee and F.S.Chang, “Printed MIMO Antenna System Using 
Neutralization Line Technique for Wireless USB Dongle Applications,” IEEE 
Transactions on Antennas and Propagation,vol.60,no.2, February 2012. 
23. Y. Wang. ,  Z.W. Du, “A wideband printed dual antenna with three neutralization 
lines for mobile terminals”, IEEE Transactions on Antennas and Propagation, vol.62, 
no.3, pp. 1495-1500, 2014. 
24. A. Cihangir., F. Ferrero., G. Jacquemod., P. Brachat.,C.  Luxey, “Neutralized 
coupling elements for MIMO operation in 4G mobile terminals”, IEEE Transactions 
on Antennas and Propagation, vol.13, pp. 141-144, 2014. 
25. Y.L. Ban., Z.X. Chen.,.Z. Chen,  .K. Kang., .J.L.W. Li, “ Decoupled hepta band 
antenna array for WWAN/LTE smartphone applications”, IEEE Transactions on 
Antennas and Propagation, vol.13, pp. 999-1002, 2014. 
26. See, C.H.,R. A.Abd-Alhameed, Z.Z.Abidin, N.J.McEwan and P.S. Excell, “Wideband  
printed MIMO/diversity monopole antenna for WiFi/WiMAX applications,” IEEE 
Transactions  on Antennas and Propagation, Vol. 60, No.4,  pp. 2028-2035, 2012. 
27. Y.Wang and Z.Du, “ A Wideband Printed Dual Antenna System with A Novel 
Neutralization Line for Mobile Terminal,” IEE Antennas and Wireless Propagation 
Letters,vol.12,2013. 
28. H.Zhao, F.Zhang, C.Wang and J.Liang, “ A Compact UWB Diversity Antenna”, 
International Journal of Antenna and Propagation,vol.2014,2014. 
29. L.Liu, S.W.Cheung, and T.I.Yuk, “ Compact MIMO Antenna for Portable Devices In 
UWB Applications,” IEEE Transactions on Antennas and 
Propagation,vol.61,no.8,August 2013. 
30. L.Xiong and P.Gao, “Compact Dual Band Printed Diversity Antenna for 
WiMAX/WLAN Applications,” Progress In Electromagnetic Research 
C,vol.32,pp.151-162,2012. 
31. Y.Cheng, W.J.Lu, C.H.Cheng, W.Cao and Y.Li, “ Compact Diversity Antenna with 
T-Shape Stub for Ultra-Wideband Applications,” Microwave Conference, APMC 
2008,pp.1-4, IEEE 2008. 
32. Y.Cheng, W.J.Lu and C.H.Cheng, “Printed Diversity Antenna for Ultra-Wideband 
Applications,” Proceedings of 2010,IEEE International Conference on Ultra-
Wideband (ICUWB2010),2010. 
102 
 
33. F.Zhou, Z.Qian, T.Liu, J.Han and C.Peng, “Design of Diversity Antenna for Ultra-
Wideband Applications,” Proceedings of 2010,IEEE International Conference on 
Ultra-Wideband (ICUWB2010),2010. 
34. S.Hong, K.Chung, J.Lee, S.Jung,S-S.Lee and J.Choi, “Design of Diversity Antenna 
with Stubs for UWB Applications,” Microwave and Optical Technology 
Letters,vol.50,No.5,May 2008. 
35. XM.Li and RL.Li, “A Novel Dual Band MIMO Antenna Array with Low Mutual 
Coupling for Portable Wireless Devices,” IEEE Antennas and Wireless Propagation 
Letters,vol.10,2011. 
36. P. Bansal, E. Sidhu, S. Goyal, “Equivalent circuit modelling of slotted microstrip 
patch antenna”, International Journal of Research in Engineering and Technology 
(IJRET), vol.3, no.5, May 2015. 
37. J.Ren, D.Mi and Y.Yin, “Compact Ultrawideband MIMO Antenna with 
WLAN/UWB Bands Coverage”, Progress In Electromagnetics Research C, 
vol.50,pp.121-129, 2014. 
38. Y.T.Wu, Q.X.Chu and S.J.Yaou, “ A Dual Band Printed Slot Diversity Antenna for 
Wireless Communication Terminals”, Wireless Symposium (IWS),2013 IEEE 
International, pp.1-3, IEEE 2013. 
39. S.H.Lee, C.Y.Yang and W.G.Yang, “ High Isolation MIMO Antenna Design by 
Using Ground Slits for Mobile Handset”, Progress In Electromagnetics Research 
Symposium Proceedings, 2012. 
40. H. Qin., Y.F. Liu., “Compact dual band MIMO antenna with high port isolation for 
WLAN applications”, Progress In Electromagnetic C, vol.49, pp. 97-104, 2014. 
41. J.F. Li.,. Q.X. Chu ,. T.G. Huang, “A compact wideband MIMOantenna with two 
novel bent slits”, IEEE Transaction on Antennas and Propagation, vol.60, no.2, 
February 2012. 
42. A.Kumar and A. Chaudhary, “ Channel Capacity Enhancement of Wireless 
Communication using MIMO Technology”, International Journal of Scientific and 
Technology Research, vol.1(2), 2012. 
43. S.Ranvier, C.Luxey, R.Staraj, C. Icheln and P.Vainikaien, “Effects of Mutual 
Coupling and Port Isolation on the Channel Capacity”, Microwave and Optical 
Technology Letters, vol.52.no. 4, April 2010. 
103 
 
44. K.J.Babu, K.S.Krishna, L.P.Reddy, “ A Multi slot Patch Antenna for 4G MIMO 
Communication”, International Journal of Future Generation Communication and 
Networking, vol.4. no.2, 2011. 
45. C.A.Tunc, U.Olgun, V.B.Erturk and A.Altintas, “ On the Capacity of Printed Planar 
Rectangular Patch Antenna Arrays in the MIMO Channel: Analysis and 
Measurements”, IEEE Antennas and Propagation Magazine, vol.52, no.6, 2010. 
46. C. Caloz, H. Okabe, T. Iwai, T. Itoh, “A simple and accurate model for microstrip 
structures with slotted ground plane. “ IEEE Microwave Wireless Components Let. 14 
(4), pp. 133-135, 2004. 
47. J.Loni, V.K.Singh, S.Ayub, “Bandwidth Improvement of Microstrip Patch Antenna 
for WLAN Applications”, International Journal of Engineering and Technical 
Research, ISSN:2321-6869, Special Issue,pp. 44-46, 2014. 
48. G.F Khodaei, J.Nourinla and C.Ghobadi, “A Practical Miniaturized U-Slot Patch 
Antenna with Enhanced Bandwidth”, Progress In Electromagnetics Research B, 
Vol.3, pp.47-62, 2008. 
49. R.Chair, C.L. Mak, K.F.Lee, K.M Luk, A.A Kishk, “ Miniature Wide-Band Half U-
Slot and Half E-Shaped Patch Antennas”, IEEE Antennas Propagation Transaction, 
Vol.53, NO.8 , PP.2645-2652, 2005. 
50. .J. Pei, A. Wang ,.X. Cai, “A Novel Dual Band Printed Antenna with a Defected 
Ground Plane for WLAN Applications”, Antennas Propagation and EM Theory 
(ISAPE), 2010, 9
th
International Symposium on IEEE,pp. 185-188, 2010. 
51. M. Karamoikis., C. Soras, G. Tsachtsiris and.V. Makios, “Compact dual printed 
inverted F antenna diversity systems for portable wireless devices” IEEE Antennas 
and Wireless Propagation Letters, vol.3, no.1, pp.9-14, December 2004. 
52. R. Vaughan and J. Andersen, “Antenna diversity in mobile communications,”IEEE 
Trans. Veh. Technol., vol. 36, no. 4, pp. 149–172, Nov. 1987. 
53. A. Diallo, C. Luxey, P. Le Thuc, R. Staraj, and G. Kossiavas, "Enhanced diversity 
antennas for UMTS handsets," European Conference on Antennas and Propagation, 
pp. 1 - 5, 2006. 
54. X.Liu, Y.Li and W.Yu, “ A Compact Tri-Band Monopole Antenna with Multiple 
Meander Lines for WLAN and WiMAX Communication Application”, Progress In 
Electromagnetics Research Symposium Proceedings, 2015. 
104 
 
55. A. Bhatti, J.-H. Choi, and S.-O. Park, "Quad-Band MIMO Antenna Array for Portable 
Wireless Communications Terminals," IEEE Antennas and Wireless Propagation 
Letters, vol. 8, pp. 129-132, 2009. 
56. S. Blanch, J. Romeu, and I. Corbella, "Exact representation of antenna system 
diversity performance from input parameter description," Electronics Letters, vol. 39, 
pp. 705-707, 2003. 
57. I. Salonen, P. Vainikainen, “Estimation of signal correlation in antenna 
arrays”,Proceedings of 12th International Symp.on Antennas, Vol.2 (383-386), 
Nov.2002. 
58. Y. Zhang and B. Nilu, “Compact ultrawideband (UWB) slot antenna with wideband 
and high isolation for MIMO application,” Progress In Electromagnetic Research C, 
vol.54, pp.53-62, 2014. 
59. K.Song, Y.Z. Yin, Y.B.Wu and L.Zhang, “ Bandwidth enhancement of open slot 
antenna with a T-shaped stub,” Microwave Optical Technology Letter, vol.52, pp.390-
393, 2010. 
60. D.Ujwala., D.S.Ramkiran, N.Brahmani, D.Sandhyarani, K.Ngendrababu, “Study of 
the effect of substrate materials on the performance of UWB antenna”, International 
Journal of Computational Engineering Research,Vol 03(4), pp.252-257,2014. 
61. Mai A.R.Osman, M.K.A.Rahim, N.A.Samsuri, M.K.Elbasheer, M.E.Ali, “UWB 
Wearable Textile Antenna”, Jurnal Teknologi UTM, 58,pp.39-44,2012. 
62. S. Sangkarlingam. and B. Gupta., “Development of Textile antennas for body 
wearable applications and investigation on their performances under bent conditions:, 
Progress In Electromagnetic Research B 22,pp.53-71, 2010. 
